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Preface 
The report describes the development of flap controllers applied on the OffshoreWindChina 
(OWC) 5MW reference wind turbine for Chinese typhoon conditions. Optimal flap controllers are 
designed and tuned based on linear aeroelastic models from HawcStab2. The controllers are 
evaluated in normal, parked and storm conditions, targeting the alleviation of fatigue and 
extreme loads. 
 
 
Roskilde, July 2017 
 
Athanasios Barlas 
Researcher 
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Summary 
The report describes the development of flap controllers applied on the OffshoreWindChina (OWC) 
5MW reference wind turbine for Chinese typhoon conditions. Optimal flap controllers are designed and 
tuned based on linear aeroelastic models from HawcStab2. The controllers are evaluated in normal, 
parked and storm conditions, targeting the alleviation of fatigue and extreme loads. 
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Introduction 
The aim of the project ‘OffshoreWindChina’ is to develop computational methodologies/tools 
capable of designing optimal wind turbine rotors under offshore wind conditions in China. To 
design modern wind turbines, different control techniques must be adapted to the local wind 
conditions while this is rarely studied in the typhoon case. The control systems need to be 
optimized for operation in these conditions, targeting maximum power performance combined 
with load alleviation. Wind characteristics of strong typhoons in marine surface boundary layer 
are available [1], which can be utilized for controller design and evaluation. 
Distributed aerodynamic control, mostly utilizing trailing edge flaps has been a focus of control 
for load alleviation [2, 3]. The approach in this work is to design optimal active flap controllers 
for load alleviation in Chinese offshore wind conditions. The procedure followed in shown in 
Figure 1. Linear models for relevant operating points of the 5MW OWC wind turbine [4, 5] are 
generated using the linear steady-state aeroelastic code HawcStab2 [6]. The models are order 
reduced in order to be utilized for controller design. The models are optimized in closed loop for 
maximum load alleviation performance within actuating constraints. The resulting controllers are 
gain-scheduled and evaluated in the non-linear time-domain aeroelastic code Hawc2 [7], in 
relevant design load cases [8]. 
 
 
 
Figure 1  - Basic concept of controller design and evaluation. 
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OffshoreWindChina 5MW aeroelastic model 
The 5MW Offshore Wind China (OWC) [4, 5] is utilized as an aeroelastic model for evaluation of the 
control concepts. The 5MW OWC rotor design has been aeroelastically optimized based on the NREL 
5MW RWT, for site-specific Chinese conditions. The general characteristics of the model are shown in 
Table 1. The optimized blade design is shown in Figure 2. 
 
Table 1 - OWC basic model parameters. 
OWC 5MW Reference Wind Turbine 
Rated power 5 MW 
Number of blades 3 
Rotor diameter 130 m 
Blade length 63.5 m 
Hub height 90 m 
Overhang, tilt, precone 5m, 5
o
, 2.5
o
 
Rated rotor speed 1.267 rad/s 
Rated wind speed 11.4 m 
Cut-in, cut-out wind speed 3 m/s, 25 m/s 
Baseline controller Variable speed, pitch regulation 
IEC class IIC 
 
 
 
Figure 2  - Optimized blade design of OWC 5MW RWT compared to NREL 5MW RWT (Top: 
Miras-FLEX, bottom: BEM). 
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The implemented flap configuration is chosen based on previous studies and them main parameters 
are shown in Table 2. The variation of the aerodynamic coefficients for the flap on the outboards 
DTULN218 airfoil are taken from 2D CFD data on the original NREL5MW RWT NACA64618 airfoil. 
 
Table 2 - Basic parameters for flap configuration. 
ATEF flap configuration 
Chordwise extension 10% 
Deflection angle limits ±15o 
Spanwise length 18.75m (30% blade length) 
Spanwise location 40.6250m -  59.3750m (from blade root) 
Airfoil DTU_LN218_NEW 
Max ΔCl ±0.4 
Deflection rate limit 100o/s 
Actuator time constant 100ms 
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Linear aeroelastic models 
The 5MW OWC model has been setup in the linear aeroelastic tool HawcStab2 [6]. For every 
operating point in above rated power conditions, open loop models from the flap input to the blade 
collective flapwise moment are extracted in state-space form. The linearized power regulation 
controller is also included. Additional pitch input and inflow disturbance inputs are also included, but 
the pitch control possibility is not utilized in the context of this work. Since the high-fidelity aeroelastic 
tool generates high order model, these are reduced numerically, using Matlab’s Balancing-Free 
Square-Root Algorithms. Since the reduced order models are focused on the frequency band of 
interest (<6P), 16th order models have been found to accurately represent the system’s dynamics. The 
Hankel Singular Values distribution per model state for the case of the operating point at 16m/s is 
shown in Figure 3. In Figure 4, the resulting Bode diagram for the extracted model is shown, where 
the rows represent the amplitude and phase pairs of the system output (collective/sin/cos flapwise 
moment) and the columns the system inputs (collective/sin/cos pitch, collective/sin/cos flap, 
collective/sin/cos wind). The frequency response to the wind input and the flap input helps as an 
estimation of the control authority of the flaps over the disturbances. 
 
 
Figure 3 - Hankel Singular Values for linear model at 16m/s. 
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Figure 4 – Bode diagram for linear model at 16m/s. 
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Optimal controller tuning 
The state-space models of the aeroelastic system are put in closed loop with a PD feedback flap 
controller, where the high pass filter (HPF) with a low cut-off frequency is used on the collective part of 
the flapwise blade moment in the time domain simulations to keep only the fluctuating content of the 
flapwise moment signal. The feedback gains are scaled for every operating point, with a linear gain-
scheduling rule. (Figure 5).  
 
 
Figure 5 - Block diagram for the flap controller. 
 
The closed loop system, now including the flap controller, is modelled in Matlab Simulink, where 
prescribed disturbance inputs are also connected to the collective wind inflow system input 
(Figure 6). The additional pitch controller loops shown in the figure is not utilized in the context 
of this work. Based on the site-specific turbulence characteristics of the 5MW OWC model, 
deterministic wind input steps with the average range of wind variations are implemented for 
every operating point. Matlab Simulink Response Optimization Tool is utilized, where the flap 
controller gains are optimized for every operating point in order to minimize the output (flapwise 
moment) variations in the time domain response of the system, within the input (flap angle) 
range constraints. The optimization tool uses a gradient descent method to solve the constraint 
optimization problem, resulting in converged values for the P and D gains of the flap feedback 
controller for every operating point. The system response with the optimized controller gains for 
the 16m/s operating point is shown in Figure 7 and Figure 8. 
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Figure 6 - Block diagram for controller optimization. 
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Load evaluation of controllers 
The resulting controllers are gain-scheduled and evaluated in the non-linear time-domain aeroelastic 
code Hawc2 [7], in relevant design load cases [8]. IEC normal power production and parked cases are 
chosen as a representative reduced design basis for evaluating the controller performance (Figure 7). 
The load statistics for the blade root flapwise moment in the baseline simulations (no flap control) are 
shown in Figure 8. Since there’s clear separation between average normal power production peak 
loads, an additional cut-off type of flap controller is employed, where the flap moves to it extreme 
negative position when the measured blade flapwise moment signal exceeds a certain threshold. The 
detailed integrated controller schematic is shown in Figure 9. 
 
 
Figure 7 - Design Load Basis and chosen evaluation load cases. 
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Figure 8 - Blade root flapwise bending moment statistics for DCL 1.2 and DLC6.1. 
 
 
 
 
 
Figure 9 - Block diagram for integrated extreme/fatigue flap controller. 
 
The impact of the flap controller on the fatigue load results is shown in Figure 10, where the 
short-term damage equivalent load statistics for every case in DLC 1.2 are compared. The flap 
manages to considerably decrease all load fluctuations in above rated conditions. The overall 
impact in main load channels is shown in Figure 11, where lifetime fatigue loads are compared. 
Most of the loads stay within he original envelope and up to 20% reductions are seen. The 
impact on extreme loads are also positive, where reductions up to 30% are observed in a range 
of load channels (Figure 12). Representative time series of blade root flapwise root moment 
and flap angles are shown for an above rated operation point (Figure 13 and Figure 14), where 
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the fatigue flap controller is active, and parked operating point (Figure 15 and Figure 16), 
where the extreme flap controller is active. 
 
Figure 10 - Short term fatigue equivalent load statistics. Comparison between baseline 
and flap controller cases. 
 
 
 
Figure 11 - Lifetime fatigue load envelope. Comparison between baseline and flap 
controller cases. 
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Figure 12 – Ultimate load envelope. Comparison between baseline and flap controller 
cases. 
 
Figure 13 - Time series of blade root flapwise bending moment at 16m/s. Comparison 
between baseline and flap controller cases. 
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Figure 14 - Time series of flap angle at 16m/s. Comparison between baseline and flap 
controller cases. 
 
 
 
Figure 15 - Time series of blade root flapwise bending moment at 50m/s. Comparison 
between baseline and flap controller cases.  
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Figure 16 - Time series of flap angle at 50m/s. Comparison between baseline and flap 
controller cases. 
 
An additional load case is simulated, in order to attempt to represent measured Chinese 
typhoon conditions [1]. This is done by tuning the extreme coherent gust with direction change 
parameter of DLC 1.4 in order to much as accurately as possible the wind speed increase and 
direction change observed in the measurements (Figure 17, Equation 1, Equation 2). The 
resulting wind input is shown in Figure 18.  
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Figure 17- Measured wind speed and direction during Chinese typhoon conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Equation 1 - Wind speed for Extreme Coherent Gust with Direction Change. 
Equation 2 - Wind direction for Extreme Coherent Gust with Direction Change. 
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Figure 18 - Time series of axial and tangential freestream wind speed at DLC1.4.  
 
During the simulation, the extreme part of flap controller is active, where the flap is reacting to 
the large variations of the blade flapwise moment. This results in a faster power status switching 
to shut down and alleviation of peak loads, reducing extreme values by  20% (Figure 19 and 
Figure 20). 
 
 
Figure 19 - Time series of blade root flapwise bending moment at DLC1.4. Comparison 
between baseline and flap controller cases. 
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Figure 20 - Time series of flap angle at DLC1.4. Comparison between baseline and flap 
controller cases. 
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Conclusions 
Flap controllers have been tuned for the 5MW OWC model, based on HawcStab2 linear 
aeroelastic reduced order models utilizing optimization of gains in site specific deterministic 
wind step cases. Fatigue and extreme flap controllers have been evaluated in design load basis 
time domain simulations using Hawc2, with an additional load case to simulate measured 
Chinese typhoon conditions. 
Significant lifetime fatigue and extreme load reductions are observed up to 30% showing the 
potential of site-specific flap controller optimization. 
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